Oxanine (O) is a deamination product derived from guanine with the nitrogen at the N 1 position substituted by oxygen. Cytosine, thymine, adenine, guanine as well as oxanine itself can be incorporated by Klenow Fragment to pair with oxanine in a DNA template with similar efficiency, indicating that oxanine in DNA may cause various mutations. As a nucleotide, deoxyoxanosine may substitute for deoxyguanosine to complete a primer extension reaction. Endonuclease V, an enzyme known for its enzymatic activity on uridine-, inosine-and xanthosine-containing DNA, can cleave oxanosine-containing DNA at the second phosphodiester bond 3 0 to the lesion. Mg 2+ or Mn 2+ , and to a small extent Co 2+ or Ni 2+ , support the oxanosine-containing DNA cleavage activity. All four oxanosine-containing base pairs (A/O, T/O, C/O and G/O) were cleaved with similar efficiency. The cleavage of double-stranded oxanosine-containing DNA was $6-fold less efficient than that of double-stranded inosine-containing DNA. Single-stranded oxanosinecontaining DNA was cleaved with a lower efficiency as compared with double-stranded oxanosinecontaining DNA. A metal ion enhances the binding of endonuclease V to double-stranded and singlestranded oxanosine-containing DNA 6-and 4-fold, respectively. Hypothetic models of oxanine-containing base pairs and deaminated base recognition mechanism are presented.
INTRODUCTION
DNA exposed to nitrosative stress or high temperatures experiences accelerated purine base deamination (1) (2) (3) . Hypoxanthine and xanthine are two well-known deamination products of adenine and guanine, respectively. Previous studies indicate that the treatment of nucleotides and DNA with nitrous acid, nitric oxide (NO) or 1-nitrosoindole-3-acetonitrile yields another guanine deamination product, oxanine (O) (4,5). Oxanine differs from guanine at the N 1 position, in which the nitrogen is substituted by oxygen, resulting in intracyclic deamination. The N-glycosidic bond in deoxyoxanosine triphosphate (dOTP) is as stable as that in deoxyguanosine triphosphate (6). The stabilities of O-containing base pairs are $2-fold lower than the natural G/C base pair (6). Escherichia coli Klenow Fragment of DNA polymerase I inserts dOTP to pair with both C or T in a DNA template, thus, potentially generating G/C to A/T transitions during DNA replication (7, 8) . Because of the O-acylisourea structure, oxanine can cross-link with glycine and proteins (9-11). Oxanosine was initially discovered as an antibiotic from Streptomyces capreolus, and as an antineoplastic agent by its ability to inhibit the growth of HeLa cells (12) (13) (14) (15) . The mutagenicity and chemical reactivity of oxanine may underlie its genotoxicity and cytotoxicity, which in turn, may account for its antibacterial and antineoplastic properties (12) (13) (14) (15) . Endonuclease V (endo V) was initially discovered in E.coli as a DNA repair enzyme because it nicked DNA that was treated with acid, exposed to osmium tetroxide or irradiated with ultraviolet light (16, 17) . A series of biochemical analyses reveals that endo V is active toward several deaminated DNA bases; including uridine, inosine and xanthine (18) (19) (20) (21) (22) (23) . The cleavage site generated by endo V is at the second phosphodiester bond 3 0 to a lesion (18, 23) . Endo V is also active toward AP and urea sites (18, 23) , base pair mismatches (23, 24) , Flap and pseudo Y structures (25) and small insertions/deletions (25, 26) . Genetic analysis in E.coli suggests that endo V is involved in the repair of inosine, xanthosine and N-6-hydroxylaminopurine (27) (28) (29) (30) .
Given the broad substrate specificities, in particular toward deaminated bases, we investigated the possible activity of endo V on O-containing DNA. Here, we report the mutagenicity of O-containing DNA and the deoxyoxanosine cleavage activity of endo V. Oxanine in DNA templates can pair with adenine, thymine, guanine, cytosine with similar efficiency; as well as oxanine, as assayed using the Klenow Fragment. Endo V nicks O-containing DNA at the second phosphodiester bond 3 0 to the lesion. The metal requirement for the nicking activity can be satisfied best by Mg 
MATERIALS AND METHODS

Materials
Oligodeoxyribonucleotides
Oligodeoxyribonucleotides except for oxanosine-containing DNA were synthesized and purified by Integrated DNA Technologies, Inc. (Coralville, IA). dOTP was generated by treating deoxyguanosine triphosphate with acidified nitrite as described previously (8). O-containing DNA was constructed by DNA polymerase-based nucleotide extension similar to the method described previously (31, 32) . Briefly, dOTP was generated by treating dGTP with acidified sodium nitrite as described in (31) . dOTP, which migrated $4 min ahead of the remaining dGTP on a reverse phase C18 column by HPLC, was pooled and freeze-dried. A single nucleotide extension reaction was performed to add an oxanine base to a 36mer. The resulting 37mer was purified by denaturing sequencing gel electrophoresis. No contaminating 36mer was detected in the purified O-containing 37mer. The 37mer was re-annealed to a DNA template (66mer) and extended to full-length (62mer) in the presence of regular dNTPs. The O-containing 62mer was purified and dried as described above, and dissolved in TE.
Mutagenicity of oxanine in DNA
Single nucleotide extension reactions were carried out at 37 C for 30 min in a 10 ml vol containing 50 mM dOTP or other dNTPs, 10 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 7.5 mM DTT, 10% glycerol, 0.01 U/ml of Klenow Fragment C for 3 min and cooled on ice directly before loading. Samples (3.5 ml) were loaded onto a 7 M urea-10% denaturing polyacrylamide gel. Electrophoresis was conducted at 1500 V for 1.6 h using an ABI 377 sequencer (Applied Biosystems). Cleavage products and remaining substrates were quantified using GeneScan analysis software.
Tma endo V cleavage reaction
The cleavage reactions were performed at 65 C for 60 min unless indicated otherwise in a 10 ml reaction mixture containing 10 mM HEPES-KOH (pH 7.4), 1 mM DTT, 2% glycerol, 5 mM MgCl 2 unless otherwise specified, 10 nM DNA substrate and the indicated amount of purified Tma endo V protein. In the case of E.coli and Salmonella endo V, the reactions were performed at 37 C instead of 65 C. Reactions were quenched by the addition of equal volume of GeneScan stop buffer. The mixtures were then incubated at 94 C for 3 min and cooled on ice directly before loading. Samples (3.5 ml) were loaded onto a 7 M urea-10% denaturing polyacrylamide gel. Electrophoresis was conducted at 1500 V for 1.6 h using an ABI 377 sequencer (Applied Biosystems). Cleavage products and remaining substrates were quantified using GeneScan analysis software.
Gel mobility shift assays
The binding reaction mixtures (10 ml) contained 50 nM double-stranded or single-stranded fluorescently labeled oligonucleotide DNA substrate, 5 mM CaCl 2 , or 2 mM EDTA, 20% glycerol, 10 mM HEPES-KOH (pH 7.4), 1 mM DTT and the indicated amount of Salmonella endo V protein.
The binding reactions were carried out at 37 C for 30 min. Samples were electrophoresed on a 6% native polyacrylamide gel in 1· TB buffer supplemented with 5 mM CaCl 2 or 2 mM EDTA. The bound and free DNA species were analyzed using Typhoon 9400 (Amersham Biosciences) with the following settings: PMT at 600 V, excitation at 532 nm and emission at 526 nm (filter 526 SP). Data analyses were carried out using ImageQuant 5.2 (Amersham Biosciences).
RESULTS
Mutagenicity of oxanine in DNA
The mutagenicity of dOTP has been addressed in a previous study (8). In addition to incorporating dOTP to pair with C, Klenow Fragment also misincorporates dOTP to pair with T, causing G/C to A/T transitions (8). To understand the mutagenicity of oxanine in DNA templates, we assembled a single nucleotide gap substrate with a single O in the template strand ( Figure 1A ). Individual dNTPs were added to the extension reaction to test which nucleotide can be incorporated to pair with the O in the template by the Klenow Fragment (3 0 -exo). We found that each of the four natural dNTPs was incorporated across from oxanine in the template strand with similar efficiency ($35% incorporation) ( Figure 1A ). Note the primer extension product was extended slightly higher for the C/O reaction because the base 5 0 adjacent to O was G, which should allow deoxycytidine triphosphate to extend one more base ( Figure 1A) . Surprisingly, dOTP was found to pair with the O in the template with a slightly higher efficiency (42% incorporation) ( Figure 1A ). These results suggested that oxanine in DNA is potentially more mutagenic than in the nucleotide form.
To further study the effect of oxanine in the DNA template, we performed primer extension reactions with different combinations of dNTPs ( Figure 1B 
Endo V cleavage of O-containing DNA and its metal ion dependency
Endo V is a repair enzyme with broad substrate specificity, in particular for deaminated base damage. This biochemical property prompted us to examine its potential cleavage activity on O-containing DNA. Initially, we assayed cleavage activity using four double-stranded O-containing substrates (A/O, G/O, T/O and C/O). Cleavage products were detected with all four substrates ( Figure 2 ). The accumulation of cleavage products was proportional to the amount of input Tma endo V (Figure 2 ). The primary cleavage site (38mer position) was at the second phosphodiester bond 3 0 to the lesion ( Figure 2 and data not shown), in keeping with previous observations with inosine-containing substrates (18, 23) . Minor cleavage could occur at the third phosphodiester bond 3 0 to the lesion at high enzyme concentrations ( Figure 2 ). In addition to endo V from Tma, E.coli and Salmonella endo V can also cleave O-containing DNA (data not shown).
Since endo V is a metal-dependent enzyme (18, 23) , divalent metal ions were tested for their effects on cleavage of O-containing DNA by Tma endo V. Among the seven metal ions tested, four of them supported cleavage of double-stranded T/O ( Figure 3A ), but the cleavage activity in the presence of Co 2+ or Ni 2+ was 10-fold lower than that in the presence of Mg 2+ or Mn 2+ ( Figure 3B ). These results are consistent with the previous studies using inosine-containing DNA (18) .
Noticing the significant non-specific cleavage in the presence of Mn 2+ ( Figure 3A ), we performed a metal titration with the two most active metal ions, Mg 2+ or Mn 2+ . Consistent with the results shown in Figure 3A , we did not observe nonspecific cleavage across the 10 mM Mg 2+ range ( Figure 3C ). However, non-specific cleavage was detected from 0.2 to 10 mM Mn 2+ range ( Figure 3D ). In the range of 0.5-1.0 mM Mn 2+ , all the T/O substrate was digested to non-specific product. These results indicated that the Mn 2+ -dependent nonspecific nuclease activity was most active with 0.2-1.0 mM Mn 2+ ( Figure 3D ). To determine whether the non-specific cleavage activity was unique to O-containing substrate, we titrate Mn 2+ -dependent cleavage of a T/I substrate. Non-specific cleavage was also observed in the range of 0.2-10 mM Mn 2+ ( Figure 3E ). The Mn 2+ -dependent non-specific nuclease activity on the T/I substrate was most active with 0.5-1.0 mM Mn 2+ ( Figure 3E ). To confirm the Mn 2+ -dependent non-specific nuclease activity was intrinsic to endo V, Tma endo V D43A mutant, which is unable to undergo catalysis due to an amino acid substitution within the active site of the enzyme (33), was used to perform the assay. No signs of specific or non-specific cleavage were observed, indicating that both the lesion-specific endonuclease activity and Mn 2+ -dependent non-specific nuclease activity were intrinsic to endo V ( Figure 3F ).
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Cleavage and binding kinetics of endo V on double-stranded O-containing DNA
To determine the effects bases opposite the oxanine lesion may have on cleavage, we studied the cleavage kinetics using substrate in excess [enzyme:substrate (E:S) ratio of 1:10], E:S in equal molar ratio (E:S = 1:1), and enzyme in excess (E:S = 10:1) ( Figure 4A ). When the substrate was in excess, cleavage of the T/O substrate was $2% (Figure 4B ). When the E:S ratio was raised to 1:1, the cleavage reached above 10-15%. There was no significant difference in cleavage efficiency of the four O-containing base pairs (data not shown). However, under the same assay conditions, cleavage of the T/I substrate approached completion ( Figure 4C and D) , which suggests that the cleavage efficiency of T/O was at least 6-fold less efficient than that of T/I. Excess of enzyme increased the cleavage of the T/O substrates to $35% completion, with an apparent rate constant of 0.23 min À1 ( Figure 4B ). Similar levels of cleavage were observed with A/O, G/O and C/O under enzyme in excess conditions (data not shown).
To study the binding affinity of endo V to O-containing DNA, we initially used Tma endo V protein. However, no retarded bands were observed (data not shown). We subsequently switched to the Salmonella endo V, which binds tightly to deaminated DNA (H. Feng, A. M. Klutz and W. Cao, unpublished data). Distinct retarded bands were detected with Salmonella endo V ( Figure 5A and B) . Like E.coli endo V on inosine-containing DNA (34), Salmonella endo V forms multiple retarded bands on O-containing DNA ( Figure 5A and B) . The binding in the absence of metal ion was weak, with an apparent K d of 485 nM for the primary ES complex ( Figure 5C ). The effect of metal ion on binding was determined using Ca 2+ , which promotes binding without triggering DNA cleavage [ Figure 3A and (23)]. The apparent K d value was 77 nM for the ES complex, indicating that a metal ion can enhance the binding to double-stranded O-containing DNA by 6-fold. To compare with non-specific binding, gel mobility shift analysis was also performed on identical doublestranded DNA except that the T/O base pair was changed to a T/A base pair. Only a small amount of diffused shifted band was detectable at very high enzyme concentrations in the presence of Ca 2+ (data not shown). Since the highest enzyme concentration used was 500 nM, the apparent K d value for undamaged DNA should be >500 nM.
Cleavage and binding kinetics of endo V on single-strandedO-containing DNA Endo V is known to cleave single-stranded inosine-containing DNA (18, 23) . We therefore tested the cleavage of singlestranded O-containing DNA. Indeed, single-stranded O-containing DNA was a substrate for endo V ( Figure 6A ). Cleavage was detected in all three E:S ratios, albeit the cleavage efficiency was lower than that for double-stranded O-containing DNA (Figures 4B and 6B) . At the E:S ratio of 1:1, the cleavage of single-stranded O-containing DNA reached $7%. However, under the same assay conditions, cleavage of the single-stranded I substrate approached $90% completion ( Figure 6C and D) , which suggests that the cleavage efficiency of single-stranded O was $13-fold less efficient than that of single-stranded I. Excess of enzyme increased the cleavage of the single-stranded O to $20% completion, with an apparent rate constant of 0.15 min
À1
( Figure 6A and B) .
Distinct retarded bands were observed with single-stranded O-containing DNA ( Figure 7A and B) . The apparent K d of the ES complex in the absence of metal ion was $384 nM for the single-stranded O-containing DNA ( Figure 7C ). In the presence of Ca 2+ , the apparent K d was reduced to 88 nM ( Figure 7C ), indicating a more than 4-fold tighter binding. Binding to undamaged single-stranded DNA was very weak even in the presence of Ca 2+ , since no distinct shifted band was detected at all enzyme concentrations (data not shown).
DISCUSSION
Base deamination is a common DNA lesion caused by nitrosative stress. Oxanine is an intracyclic deamination product derived from guanine. This work investigates the mutagenicity of oxanine in DNA and cleavage activity of endo V on O-containing DNA. A previous study indicates that dOTP can be incorporated by Klenow Fragment in DNA to pair with both C and T (8). In this work, we have extended the previous study by determining the mutagenicity of oxanine once it is incorporated in the DNA templates. One significant finding is that oxanine in DNA is more mutagenic than in nucleotide form, as evidenced by the incorporation of all four regular dNTPs as well as dOTP to pair with O in the DNA template by Klenow Fragment ( Figure 1A ). This broad misincorporation does not seem to be limited to Klenow Fragment. Human DNA polymerase b can also misincorporate A, T, G to pair with O in DNA, albeit with different efficiencies (31) . This suggests that the mutagenicity of oxanine largely increases once it makes its way into DNA, allowing it to pair with any of the four natural bases, dOTP and possibly other damaged bases as well. dOTP appears to be able to substitute for dGTP but not other nucleotides in primer extension reactions [ Figure 1B and (8) 
C/O and T/O base pairs is identical to a previous model (8).
The formation of G/O base pair is likely more difficult. Based on the previous studies with 8-oxo-guanine (8-oxoG), which is flipped to a syn conformation to form an anti:syn oxo-G/A base pair (35, 36) , we surmise that oxanine may also switch to a syn conformation to pair with G ( Figure 8A) .
Non-specific nuclease activity in endo V has been reported previously (16, 23, 25) . It is known that Mn 2+ stimulates nonspecific cleavage activity (23) . The interesting finding as a result of this work is that the non-specific nuclease activity is very sensitive to Mn 2+ concentration ( Figure 3D and E). It is most active in the range of 0.2-1.0 mM Mn 2+ . The nonspecific nuclease activity of endo V is abated at Mn 2+ concentrations >5 mM, while the lesion-specific cleavage started to peak. The biochemical basis of this phenomenon is not known. We speculate that endo V may possess two Mn 2+ -binding sites. At low Mn 2+ concentrations, the catalytic site is occupied, triggering non-specific activity. With increased Mn 2+ concentrations, another Mn 2+ -binding site (low-affinity site) is occupied. The binding of the second Mn 2+ may cause a subtle conformational change in the enzyme. As a result, the non-specific nuclease activity is reduced, while the lesionspecific cleavage activity may be stimulated.
Oxanine DNA glycosylase activities from E.coli AlkA and endo VIII have been reported recently (32) . Compared with endo V, the ODG activities in AlkA and endo VIII appear low. It was reported that 30-fold excess of enzyme was needed to detect excision products (32) . In contrast, we were able to observe cleavage products even when the E:S ratio was 1:10 ( Figure 2 ). When the enzyme was in 10-fold excess, we observed over 35% cleavage products, which suggests that endo V is a more robust enzyme than AlkA or endo VIII for oxanine lesions (Figure 4) . Under the conditions where endo V was in 30-fold excess, the cleavage of T/O was increased to 70% (data not shown). Taken together, these results indicate that the amount of cleavage product is proportional to the input of enzyme. However, the cleavage efficiency for oxanosine is still lower than that for inosine (Figure 4) . Interestingly, E.coli endo VIII can serve as a backup system for the removal of 8-oxoG in the absence of MutM (Fpg) and MutY, despite its rather low in vitro 8-oxoG DNA glycosylase activity (37) . Another distinct feature revealed from this study is that all four O-containing base pairs are cleaved with similar efficiencies, suggesting that cleavage of O-containing DNA by endo V is not dependent on base opposite oxanine. It was reported that the ODG activities of AlkA and endo VIII were dependent on the opposite base, with A/O, G/O, C/O but not T/O base pairs preferentially removed (32) .
This work broadens the substrate specificity of endo V to include all known deaminated bases, uracil from cytosine, hypoxanthine from adenine, and xanthine and oxanine from guanine. How an enzyme like endo V can recognize all pyrimidine and purine deaminated bases is an unanswered question, although some aspects of recognition mechanisms have been addressed (20, 23) . Based on the observed broad substrate specificities and previous models, we propose that the enzyme may utilize three recognition elements to distinguish a deaminated base from a normal base ( Figure 8B ). The 6-keto (or 4-keto in uracil) and N 7 position of a deaminated purine base may be recognized by elements A and C, as proposed previously (20, 23) . Element A may interact favorably with the 4-keto and element B may be snug between the 2-keto and N 3 in uracil ( Figure 8B ). Adenine and cytosine can be excluded by the unfavorable interaction by the 6-or 4-amino group on element A. For guanine, the N 1 hydrogen in combination with the 2-amino group could prevent the insertion of element B. Thymine may be excluded by the steric hindrance caused by the 5-methyl group, as proposed previously (20) . In summation, the enzyme may discriminate a normal base by the occurrence of unfavorable interaction(s) and lack of favorable interaction(s). The speculative nature of these discussions should be noted. A better understanding of the endo V recognition mechanism awaits the solution of endo V-DNA complex structures. intact human respiratory tract epithelial cells. 
